Shaping of ceramic multilayer capacitors (CMCs) is a prerequisite for the application of end terminations. This shaping is frequently done by erosional wear in a tumbling process. In this study the tumbling time, tumbling speed and loaded volume of the tumbling bottle were varied to determine the effect on the shape parameters. A power law relationship is observed between the roughness, corner radius and weight vs. time while the overall level depends sensitively on tumbling speed and loaded volume.
Introduction
Ceramic multilayer capacitors (CMCs) are components constructed with alternating dielectric ceramic and metal electrodes provided with end terminations. They are frequently encountered in modern electronics.
For a general overview of CMCs, see Ref.
[ 11. In addition to the requirement of dielectric behaviour, these components must also meet severe mechanical demands. For a general overview of the mechanical properties of CMCs, see Ref. [2] . The mechanical behaviour is significantly influenced by residual stresses. During the production of CMCs these stresses are introduced in CMCs by the thermal and mechanical processing procedures.
For thermal processing one must think of sintering of the 'green' CMC and firing of the end terminations. Temperature gradients arise during rapid cooling. The mismatch in thermal ' Also affiliated with the Eindhoven University of Technology expansion between the ceramic body and the metal electrodes will also cause residual stresses. The phase transition of BaTiO, at 130 "C from cubic to tetragonal with a corresponding volume extension can also be important in this respect. As far as mechanical processing is concerned, the so-called 'tumbling' operation is an important process step in shaping and surface finishing of CMCs. In this process step the sharp corners of the millimetre-sized products are rounded off by an erosion process in a rotating container and a smooth surface is prepared. This operation is necessary for the application of end terminations, but is also important from a cosmetic point of view.
The erosion process is generally optimized by considering the extent of rounding of the corners within a certain amount of time. However, the effect of the erosion process on the mechanical behaviour of the CMCs is not clear. In particular in this paper. To eliminate the effect of end terminations only bricks, that is CMCs without end terminations, were measured. Dummy bricks, that is CMCs without electrodes but processed further identically, were used to eliminate the effect of the metal electrode layers.
To study the shaping effect of the erosion process, three parameters were studied: the load of the tumbling bottle, the tumbling speed and the tumbling time. Furthermore, strength and residual strength measurements were done. For the experiments X7R 1206 sized 100 nF products were chosen. We recall that the Electric Industries Association (EIA) has standard indications for types (abbreviations like X7R, Z5U, etc.) and size (width and length in units of 0.01 in). The effect of these process variations was assessed by three point bend strength measurements accompanied by residual stress measurements. For the latter both the sin*+ and indentation methods were used.
In this paper theoretical considerations with respect to residual stress measurements are given in Section 2. Experimental methods are described in Section 3. The experimental data are presented and discussed in Sections 4 and 5, respectively. Finally in Section 6 the conclusions are presented.
Residual stress measurements
The residual stresses of as-fired and tumbled bricks were determined by X-ray diffraction and indentation techniques. The theoretical aspects of these techniques are briefly discussed in this section. A more detailed description of these different techniques can be found in the literature [ 3-71.
The sin'+ method
Residual macro-stresses in polycrystalline surface layers can be determined using the X-ray diffraction technique known as the sin'$method.
As a result of the residual stress, the distances between lattice planes in the crystallographic unit cell will change. This difference can be measured using a proper characteristic X-ray reflection of the material.
The direction in which the strain E+,* (Fig. 1) is measured is defined by the angle of rotation 4, and the angle of tilt I,!J. The relation between the angles and the corresponding strain es,+ and stress components vii is given by [ 61 where d,, represents the lattice spacing in the direction of E+,,,, d, the strainless lattice spacing and gij the components of the stress tensor. The relationship between the strain and stress in an elastically isotropic material is represented by the X-ray elastic constants Si = -v/E and S, = 2( I+ v) /E, which contain Young's modulus E and Poisson's ratio v. With X-rays the measuring depth is limited. The depth 7, which contains an amount of 1 -e-i of the information, is determined by the angle of tilt J,!J, the absorption coefficient p and the Bragg angle 0 [ 31 and is given by 7= (2 sin e cos *) l2p ( 
2)
Information about the stress depth profile can now be found since r changes for different angles of tilt I,!L To determine the residual stress, several values of lattice strain under a given angle 4 are measured, each at a different tilt of the specimen. In many cases a state of plane stress is assumed. The biaxial stress state, constant within the sampled depth, can then be described by the stress components @ii and cr2* only [ 3, 4] . Since in this case (T,~ is assumed to be 0, Eq. (1) is simplified and the number of measurements necessary for determining the residual stress is reduced. A linear relationship between d+,, and sin'+ will be found. The surface component of stress is then determined from a fit of the lattice strain as a function of sin*+. However, when the stress components u,3 have significant values, more measurements are needed to monitor the complete set of stress components uti. As will be shown later, neglect of these stress components can lead to significant errors. More details about measuring the triaxial stress state are given in [ 5, 6] .
Indentation techniques
Another method for determining residual stress is based on the principles of indentation fracture. The length of the radial cracks around a hardness impression is a measure of resistance to crack extension. A controlled Vickers indentation, as used for standard hardness testing, with a load P is introduced into the test specimen. A half penny-shaped fracture pattern will develop along the indentation diagonals with the radial crack diameter 2C. The relationship between the indentation load P and the corresponding crack length C is given by [7] (3) where k represents a dimensionless modification factor whose value is close to unity, and K,, the fracture toughness. The (P/ C3") pro term represents the load and crack length measured in a stress-free state. From a linear plot of ( P/C3") ,r, vs. c"2, the residual stress (T, can now be obtained from the slope. The residual stress is measured in a direction perpendicular to the radial cracks. By rotating the sample the residual stress can be determined in a specific direction.
Experimental procedures
For the experiments X7R 1206 100 nF bricks of size 3.0 X 1.6 X 0.9 mm and identically processed dummy bricks were used. The ceramic is nearly fully dense BaTiO, with a grain size of about 0.5 pm. The bricks were taken out of the fabrication process after the sintering step.
For annealed dummy material the fracture toughness K,, was determined using the compact tension test [ 81. The hardness H was measured using a Vickers indenter with 10N applied for 20 s. All indentations were made with a microhardness tester (Leitz Durimet 2) using a diamond Vickersshaped indentor. The residual stresses for bricks and dummies were determined by the indentation technique, again after the process steps of sintering and tumbling. The indentation was positioned precisely in the middle of the upper side perpendicular to the electrodes of the CMCs. For this purpose a specially designed fixture was used. The load (range 0.5-30 N) was applied for 20 s under ambient conditions. The crack diameter of 2C was measured using optical microscopy (dark field) and scanning electron microscopy (SEM) . The diameter was measured after the products were broken in a three point bend test.
The strength of the CMCs was measured using a three point bend fixture (span 2.6 mm) similar to the one reported by Gee and Morrell [ 91. All strength testing was done at 20 "C and 50% relative humidity. The cross-head speed of the testing machine (Overload Dynamics S200) was 0.1 mm min-'. The Weibull modulus m and characteristic strength (T, corresponding to a failure probability of 63% were calculated using the failure estimator p = (i -0.5) /N and a linearized least-squares procedure using no weight function [lo] . Here i represents the order number of the specimen, ranked in order to increasing strength, and N the total number of specimens. Typically 40 specimens were used.
For the erosion experiments a set-up similar to the one of Chen et al. [ 111 was used. The container was a nylon bottle with a diameter of 118 mm and a volume of 280 cm3. The bottle contained brick shaped ceramic BaTiO, bodies, Al,O, ceramic rods (length 7.6 mm, diameter 3 mm) and a slurry consisting of SIC (grain size about 1 km) and water ( 10 kg SIC in 6.7 1 water). The specific load of the bottle was 81 vol.%, where 50 vol.% were rods and 22 vol.% were CMCs while the remainder was slurry. The degree of filling and the ratio of components were also similar to experiments described earlier [ 11 I. The bottle was rotated on a supporting horizontal roller at a speed of 75 rev min-', which is 0.6 times the critical speed. The critical speed R for centrifuging in rev min-' is given by
where g is the acceleration due to gravity and d the tumble bottle diameter.
For all experiments the ratio slurry:CMC bricks:Al,O, rods was kept constant. The parameters time, rotational speed, and loaded volume were varied above and beneath the pilot values, as shown in Table 1 .
To determine the optimum process parameters the corner radius, roughness R,, strength, weight and dimension parameters were measured as a function of erosion time. The corner radius was measured using a projection microscope with a magnification of 100 times together with a transparent sheet having concentric circles. Attempts to determine the corner radius with a mechanical fixture or an ordinary microscope gave unreliable results. The roughness was measured in the middle of the top or base surface, lengthwise along the CMC. The weight loss was measured using 50 bricks. The thickness of the top layer of the CMC was measured with a microscope. The surface layer protecting the electrodes was 60 j_r.rn thick for the crude as-fired untumbled bricks.
The residual stresses for bricks and dummies were also determined by the sin** method after sintering and after the erosion process. The [420] tetragonal BaTiO, doublet was measured at 20 = 118.2" using non-filtered Cu K,,, cr2 radiation. A Young's modulus of 125 GPa and a Poisson's ratio of 0.25 were used in the X-ray elastic constants. These values were determined with the pulseeecho method using longitudinal and transverse frequencies of 10 MHz and 20 MHz, respectively. With an absorption coefficient p of 1455 cm-' and for I,!I= 90" a measuring depth of 3.0 p,rn is possible (Eq. (2) ) . The amount of surface required for an acceptable sampling time is about 125 mm* (9 CMCs) . The measured residual stress is therefore an average over the total upper surface of the CMC. The principal stresses U, , and crZ2 are parallel to the surface and (T?~ is perpendicular to the surface. The vi, component is along the length of the CMC. The average value of the plane stresses o,i and uz2 will be indicated by u,, m this paper.
One should notice that values for oi3, oz3 and g33 are the average values over the sampled volume. At the surface these stress components are zero. Since there was no stress-free material available, the d, value (lattice constant in a stressfree state) had to be estimated using Eq. ( 1) . In the strainfree direction E +,*= 0, the values of sin** and d,, can be estimated for I,!I= 90" when a biaxial stress state is assumed.
Results

Material parameters
The material properties measured were typical values for titanate ceramics: a fracture toughness Kr, of 0.85 MPa ml'* and a hardness H of 9.2 GPa. Values of 125 GPa and 0.25 were observed for Young's modulus and Poisson's ratio, respectively. A characteristic strength of about 210 MPa and a Weibull modulus m of about 7 were determined for the assintered bricks.
Shape parameters
The extent of rounding, the dimensions, and loss of weight for the various conditions were measured to study the effect of the varied tumbling parameters on the shaping parameters. The results are given in Figs. 2-4 .
Roughness
The results for the roughness are presented in Fig. 2 . The approximate linear relationships on the log-log plot suggests a power law relationship between the tumbling time and the roughness. The overall level of roughness is higher at higher loading volumes and lower tumbling speeds, although the rate of surface polishing is approximately constant. 
Corner radius
The results for the experiments with constant tumbling speed and load are presented in Fig. 3 . A power law relationship is suspected between the tumbling time and corner radius. It seems that with lower loads and higher tumbling speeds the level of corner rounding is higher. For experiment A (O&V, 0.6R) the corner radius after 10 h has about the same value (73 Frn) as for the pilot (0.7V, 0.6R) after 20 h (75 pm). The rate of rounding is approximately constant.
Weight
The results for the experiments with constant tumbling speed and load are presented in Fig. 4 . Results similar to those for weight and the corner radius were found; a power law relationship seems to exist between the time and the weight loss. Also here the loss of weight is at higher tumbling speeds and at lower loads. In this case the rates, however, are also different.
Cover layer thickness
The differences in thicknesses of the cover layer found for the various experiments after 40 h are relatively small. For the pilot experiment about 8.3 p,rn has been removed from the cover layer after 40 h. A maximum removal of 12.3 pm is found for experiment G (0.5V, 0.6R) after 40 h. Since the corners are rounded to a much larger extent, the removal of material is uneven over the surface of the CMC, in accordance with the results of Chen et al. [ 111.
Strength
The characteristic strength (T, as a function of time is presented in Fig. 5 . The strength shows the same behaviour for all of the experiments. Directly after the start there is a sharp decline of the strength. However, after a few hours the strength increases. The strength is not stabilised at the end of all of the experiments, in some cases it is still increasing.
The strength dip in the beginning has a lower minimum at higher tumbling speeds. The recovery of the strength takes place faster at lower loads and lower tumbling speeds. However, the highest final strength at constant load is obtained at higher tumbling speeds. For the load there seems to be an optimum at 0.6V (experiment A). A maximum strength of 260 MPa is obtained for experiment A (0.6V, 0.6R). This is an increment of 24% compared with the strength of 210 MPa for the bricks before tumbling.
In all cases the Weibull modulus m increases from the value of about 7 for as-sintered CMCs to 11 to 16 for tumbled CMCs, depending on the tumbling conditions.
Residual stresses Results from the indentation experiments
The residual stress was determined by indentation techniques for only a few as-sintered products. Because of the rough structure on the surface, it was very difficult to deter- mine the radial cracks. Attempts to make the cracks visible with a dye penetrant or under high pressure with iron chloride failed [ 121. Only after breaking the indented CMCs in a 3-point bend fixture the radial crack pattern on the surface could be measured in some cases. For polished specimens (diamond, 24 Fm) it was more easy to obtain the radial cracks. However, the residual stress changes by using this procedure and is therefore not suitable for measurements of sintered (and tumbled) CMCs.
For products after tumbling the radial cracks could be more easily detected. Small cracks with a diameter close to the plastically deformed region [ 131 were neglected as were large cracks which are stopped by the ductile metal electrodes. For both types the indentation theory is not valid. Measurements were only done for the pilot experiment. For as-sintered CMCs a compressive stress of -137 MPa was obtained while for tumbled CMCs (20 h) a value of -242 MPa resulted.
Results from the sin2rC, method
Originally it was assumed that there were only plane stresses in the measured surface of the CMC. For the assintered material approximately zero residual stress was obtained. After erosional shaping compressive residual stresses of (T,~ = -58 MPa and uZ2 = -42 MPa resulted, respectively. The value of (+ ,, , the average value of U, 1 and crz2, is therefore -50 MPa. This should be compared with -242 MPa as obtained with the indentation technique. Owing to this discrepancy a more detailed measurement with the sin*+ technique was carried out which showed that stress components c13 were also present. These stress components obviously affect the absolute value of the stress component g,, considerably. However, the qualitative behaviour of the stress during tumbling remains the same for both analyses.
The complete sin*+ analysis yielded the following (Table 2 ). For as-sintered dummy CMCs (T,, amounts to -89 MPa, which increases to -196 MPa after 20 h tumbling (0.6V, 0.7R). An increase of about 100 MPa is thus observed. After the sintering step a significant amount of residual stress is thus already present on the surface of the dummy CMC. The origin of these stresses is not clear yet but is probably related to the texture in the separate foils from which the CMC or dummy was made. In the CMCs after sintering a compressive residual stress (T ,, = -17 1 MPa is present. This value is in fairly good agreement with the residual stress (T ,, = -137 MPa as determined by indentation. For the tumbled CMCs the amount of residual stress increases up to -250 MPa, again in good agreement with the value of -242 MPa as determined with indentation. A similar increase was observed for the dummy CMCs. These results show that the residual stress after sintering is an overall stress effect in which the electrodes have an important contribution.
'The components gll and u2* have in all cases about the same value. This results in a negligible value for stress component (TV*. The stress situation parallel to the surface is therefore rotationally symmetric.
To get some information about the stress depth profile, the value of the cr33 stress component as a function of depth was measured. Measuring u, 1 and gz2 at different depths without removing material is not possible. Since the penetration depth of the X-rays is limited, there is only information about the first 3 pm. The values are calculated using Eqs. ( 1) and (2). The results for two penetration depths are also presented in Table 2 . It appears that there is no significant change in the depth profile of g33 in the first 3 p,rn for any of the samples. As yet it is not clear how the stress profile behaves further beneath the surface. Other research [ 141, however, indicates that the residual stress due to abrasive machining has a relatively small depth, not extending beyond the order of 10 Fm. We conclude therefore that the stress due to tumbling is highly concentrated on the surface and is not affected by the electrodes.
To check whether the residual stress introduced in the tumbling process remained after a thermal treatment similar to that of the end termination application process, the tumbled Di, dummy CMC; Pi, pilot experiment; Ai, experiment A (maximum strength); i, tumbling time in hours. fl13 and uz3 are always -50 MPa (tensile!) while (Tag is always = 0 MPa.
bricks of experiment D (0.7V, 0.8R) were passed through an oven at a temperature of 835 "C. The strength after the temperature treatment increased to a value of 280 MPa for the tumbled product. The as-fired products (strength 219 MPa) were treated with the same procedure, but the strength remained at 214 MPa. Apparently the temperature treatment doesn't decrease the residual stress. Possibly the atomically sharp crack tips are blunted by microdiffusion and/or microcreep. This results in an increasing apparent fracture toughness and therefore in a higher failure strength. Dipping in liquid solder (260 "C for 30 s) did not affect the strength obtained after tumbling either.
Discussion
From the shaping experiments it is clear that a wide range in corner radii and roughness values can be obtained. However, the optimum results are highly sensitive to the process parameters so that careful control is required. Moreover, it is shown that the strength behaviour as a function of erosion time is the same for all of the experiments: a decrease followed by an increase. The end level in strength reached at the end of the erosion process can be significantly lower as well as higher as compared with the as-fired CMCs.
It seems that there are two aspects which both can affect the final strength: damage introduction and residual stress buildup. In the initial stage of the tumbling operation there is a sharp decline of the strength. The crude sharp-cornered bricks and Al,O, rods introduce scattered but significant flaws at the surface of the CMC. A simplified representation of this situation is given in Fig. 6(a) . However, when the process proceeds and the number of introduced flaws increases, the surface will become more and more plastically deformed. This results in an increasing volume of the surface layer and a compressive residual stress being built up as shown in Fig. 6(b) . This is the point where the residual stress becomes important. When the size of newly introduced flaws becomes consistently smaller, the average flaw size reduces. In Fig. 7 the strength and residual stress behaviour as a function of erosion time are given showing the strength decrease/increase and residual stress increase. For the flaw size reduction during tumbling three aspects or a combination of them can be responsible:
Increment of the corner radius. The impact intensity of the ceramic bodies during the process will decrease as a result of the increasing corner radius of the CMCs. Consequently the length of the introduced flaws will become smaller, The residual compressive stress. Because of the protective action of the earlier mentioned compressive stress layer, smaller flaws will be introduced during further tumbling. Termination of the flaw size by the first electrode. In principle the development of the flaw can be hindered by the ductile metal electrode. Fractography has revealed, however, that this effect hardly occurs. The relative contribution of each of the remaining mechanisms is not clear yet. In any case, after some time a steady state results in which creation of defects is counteracted by residual stress.
Not for all experiments the strength stabilises after some time. In some cases it keeps inclining steadily. It could be that the residual stress after this time is still increasing; however, this is not supported by the experiments. In these experiments also a considerable fraction of the surface layer was removed (l&20 p,m). Therefore it is more likely that the remaining increase in strength is a result of crack length reduction by material removal. It is clear that when the defect size reduces, the strength increases. However, it should be noted that the experiment with the largest reduction of the top layer thickness (experiment G) does not result in the highest final strength after 40 h tumbling. Apparently the condition for obtaining a maximum strength is a combined action of residual stress and crack length reduction. The residual stress data are summarized in Table 3 . From these data it appears that the values for the residual stress as determined with the indentation technique are in good agreement with the values found with the sin*Qmethod if the effect of all stress components in the latter method is taken properly into account.
Finally it should be remarked that the processing conditions chosen do not necessarily represent actual factory production conditions. However, the phenomena mentioned and trends observed will certainly also occur in that case.
Conclusions
Titanate ceramics as used for CMCs were tumbled and the shape dependence on tumbling time, tumbling speed and loaded volume of the tumbling bottle was determined. A power law relationship is observed between the roughness, corner radius and weight vs. time while the overall level depends on tumbling speed and loaded volume.
Tumbling can significantly influence not only the shape parameters but also the strength. The strength typically shows a decrease after short time but an increase after a longer time. This is due to two counteracting effects. First, there is a strength reduction in the initial stage of the process caused by scattered damage introduced by the crude sharpe cornered BaTiO, bricks and the Al,O, rods. Secondly, there is a compressive residual stress built up as a result of surface transformation caused by the increasing damage during further tumbling. The rate depends on the tumbling parameters. Finally, it appears that the size of the flaws being introduced decreases during the process. Larger flaws are introduced in an early stage while smaller flaws result in a late stage. This reduction is probably caused by a combination of the residual stress present, an increment of the CMCs corner radius and the removal of a part of the surface layer by wear. Optimum strength values are therefore obtained by a combined action of residual stress and crack length reduction. Therefore process parameters should be chosen not only considering optimum shape parameters, but also the strength.
The residual stresses for bricks and dummies were determined for sintered and tumbled products. The sin2$ method and indentation techniques appear to be accurate methods for determining the residual stresses. The values found with indentation techniques are in good agreement with data found with the sin*$method. For the measurements using the sin2@ method, the shear stress components u,~ appear to have significant values. These stress components must be taken into account for proper measurements of the plane stress components, otherwise incorrect data will be found for (+, 1 and u2*. Within the first 3 p,rn of the surface from the CMC there is no measurable change in the depth profile of (Tag. As yet, it is not clear how the depth profile of the residual stress behaves between the electrode and the surface.
